in a large variety of vertebrate animal models ranging from zebrafish to rodents, rabbits, and monkeys [4-8].
sin, Rh1, even after cessation of the light stimulus (reexacerbate or ameliorate the effects of constant light [13, 14] . In Drosophila, we found that the time course viewed in [10, 11] ). The PDA can be terminated by a short exposure to white or orange light, which facilitates of light-induced blindness was accelerated greatly at higher temperatures ( Figure S2A ). At 18ЊC, red-eyed flies the conversion of the activated metarhodopsin back to the nonactivated form of Rh1.
did not show phototoxicity; however, at 29ЊC, the flies displayed light-induced blindness, although the process We found that wild-type flies maintained under constant illumination displayed a pronounced decrease in was slower than in w 1118 flies (Figures S1C and S2B). High temperature alone did not cause visual impairment; the photoresponse. After 9 days of continuous light at 18ЊC, the amplitude of the response was reduced, and the ERG amplitudes of w 1118 flies reared for 7 days at 29ЊC in the dark were normal ( Figure S2B) . most of the flies no longer displayed a PDA ( Figures 1B  and 1D ). After 17 days of moderate light, the photoreThe blindness induced by constant light was partially reversible. The small decrement in visual response response was either eliminated or dramatically reduced ( Figures 1C and 1D) . The light-induced loss of the visual sulting from exposure to constant light for three days was fully reversed after the flies were returned to the response was not due to a background mutation because similar impairments were observed in a variety of dark ( Figure 3A) . However, dark incubation only partially restored the loss in the ERG amplitude in flies exposed genetic backgrounds (Figure S1A in the Supplemental Data available with this article online). The diminished to constant light for 5 or more days ( Figures 3A and 3B ). photoresponse must have been due to continuous light, rather than a strictly age-dependent effect, because the Constant-Light-Induced Reduction in Rhodopsin Concentration amplitudes of ERGs were not decreased in older flies exposed to 12 hr light/12 hr dark cyclic light (data not
The light-induced loss of the photoresponse raised the possibility that the concentration of one or more proteins shown). In addition, there was no significant difference in sensitivity to phototoxicity between young (2-to critical for the photoresponse might be decreasing. The major rhodopsin, Rh1, was a particularly good candi-4-day-old) and old (3-week-old) wild-type flies maintained under constant light ( Figure S1B ). The gradual date; we recently found that acute exposure of flies to very intense illumination for several hours results in decline in the photoresponse was accompanied by retinal degeneration, as assessed in live flies by examinarhodopsin degradation [15] . Therefore, we performed Western blots with head extracts obtained from flies tion of the deep pseudopupil (DPP) [12] or by electron microscopy (Figures 2A and 2B) . The DPP requires intact that had been exposed to continuous ambient levels of illumination for 1-21 days. We found that the concentramorphology, and even moderate degeneration causes the DPP to disappear. Thus, disappearance of the DPP tion of Rh1 gradually decreased after approximately 3 days of constant light ( Figure 4A ). By day 13, very little is an indicator of the initiation of retinal degeneration; however, this assay does not permit discrimination beRh1 was detected. In contrast to these results, the concentrations of other signaling proteins were largely untween moderate and severe levels of retinal degeneration. changed after 7 days of continuous illumination and were still present at relatively high levels on day 17. Ambient temperature has been shown to affect phototoxicity in mammals, and higher temperature can either These include the G␣, phospholipase C (PLC), the TRP (Figures 2A-2D) . In fact, when we used [28] . A mutation that knocked out the proapoptotic gene the DPP assay, which is very sensitive to perturbations Drosophila p53, which has been shown to suppress cell in rhabdomere morphology, the initiation of retinal dedeath in the developing retina in response to ultraviolet generation appeared to occur earlier in rh1 ⌬356 flies than light [29] , also had no effect on the severity of constant in wild-type flies (Figures 2A, 2B, and 2E) . The failure of light-induced blindness ( Figure 5A ). In the mouse, retinal constant light to rescue retinal degeneration in these degeneration induced by constant low light is supmutants was unexpected given that arr2 3K/Q and rh1
⌬356
pressed by a mutation in the effector for the rhodopsin mutations suppress a variety of genetically induced retitransducin [9] . However, a hypomorphic mutation in the nal degenerations [ , and is consistent with the conclusion that the light-induced sun mutations, the severity of light-induced blindness blindness occurs through a mechanism distinct from that of many forms of retinal degeneration. was not suppressed by mutations or overexpression of 
Genetic Enhancement and Suppression wild-type flies (Figures 6B and 6D). Although in wildtype animals there was no decrease in Rh1 after 1 day of Light-Induced Degradation of Rh1
The preceding data raise the possibility that the enof continuous illumination, very little Rh1 was detected in identically treated rdgC flies. Consistent with this findhancement and suppression of the visual impairment resulting from constant light may be due to effects on ing, the PDA, which depends on high levels of Rh1 levels, was eliminated in rdgC flies exposed to constant light degradation of Rh1. To test this, we maintained arr2 To assay the levels of Rh1/Arr2 complexes in wildmay not be present in these invaginations, thereby rendering this portion of the Rh1 pool unable to contribute type flies exposed to constant light, we performed a variation of an arrestin pelleting assay [20] . Previous effectively to the photoresponse.
In contrast to the suppression of light-induced Rh1 analyses of Rh1/Arr2 complexes compared the levels of bound Arr2 after either a short pulse of blue light, degradation in arr2 and sun 1 mutant flies, the levels of Rh1 decreased much more rapidly in rdgC relative to which promotes the production of stable metarhodopsin Figures 7B and 7D) . Thus, the light-dependent changes in Rh1 concentration and Rh1/Arr2 complexes whether constant light increased the level of stable Rh1/ Arr2 complexes, we compared the level of bound Arr2 were suppressed in arr2 3K/Q and sun 1 and enhanced in rdgC flies. in flies maintained under cyclic lights or continuous low levels of white light for 3 days. We found that wild-type flies exposed to 3 days of constant light exhibited an Discussion increased concentration of stable Rh1/Arr2 complexes when they were compared to flies maintained under a Distinct Mechanisms Underlie Light-Induced Blindness and Retinal Degeneration light/dark cycle for the same duration (Figures 7A and  7C) .
It is a longstanding observation that exposure of wildtype animals to constant light leads to retinal degeneraIf the increase in Rh1/Arr2 complexes underlies the constant light-induced degradation of Rh1, then the tion [2]. In the current work, we set out to determine if constant light caused phototoxicity in Drosophila and, concentration of these complexes should be decreased by mutations that suppress Rh1 degradation and photoif so, whether we could characterize the mechanism further by using a genetic approach. As a sensitive and toxicity. Consistent with this proposal, we found that the levels of stable Rh1/Arr2 complexes were similar in quantitative assay for phototoxicity, we focused on the effects of continuous light on the photoresponse by sun 1 , rh1
⌬356
, and arr2 K/Q flies, which were exposed to continuous light, and wild-type flies incubated under a performing ERGs. We found that flies maintained under continuous ambient light for many days gradually lost light/dark cycle (Figures 7A and 7C) . Stable Rh1/Arr2 complexes were also lower in arr2 3K/Q flies exposed to their visual response and eventually went blind. An important unanticipated finding was that the mechcyclic light than similarly treated wild-type flies.
We next tested whether there was a greater concenanism of light-induced blindness was distinct from that underlying light-induced retinal degeneration. We found tration of stable Rh1/Arr2 complexes in rdgC flies than in wild-type flies. Because the level of Rh1 significantly that mutations such as arrestin2 and sun that suppressed the light-induced blindness did not suppress decreased even after 1 day of constant light ( Figures  6B and 6D way, which remains to be defined [15] . In contrast to or arr2 3K/Q mutant backgrounds. these results, mutations in arrestin2 suppressed the lowOur data suggest that the formation of rhodopsin/ light-induced loss of Rh1. The differences in the mechaarrestin complexes is the key step determining the exnisms underlying bright-versus low-light-induced blindtent of Rh1 degradation and visual impairment in reness are somewhat reminiscent of a recent mouse study sponse to constant light. Additional evidence in support demonstrating that retinal degeneration caused by exof this model is that the harmful effect of continuous tended exposure to low light is caused by a different light on the photoresponse is accelerated significantly mechanism than that for retinal degeneration caused in a genetic background, rdgC, which increases Rh1/ by brief exposure to very bright light [9] . However, the arrestin complexes and Rh1 degradation. similarities between this recent report and the current study are limited because the light-induced loss of the ERG is not due to retinal degeneration. Although eliminaImplications for Mammalian Light-Induced Blindness tion of the trimeric G protein suppressed the retinal degeneration in the mouse, a hypomorphic allele of the We propose that mammalian visual impairment, which results from exposure to continuous but low-intensity G␣ q did not reduce the severity of low-light-induced blindness in the fly, although the amplitude of the ERG light, may also occur through an arrestin-dependent mechanism and reductions in rhodopsin levels. Acwas reduced as a result of a decreased concentration of the G protein. 
